The identification of the causative genetic variants in quantitative trait loci (QTL) influencing phenotypic traits is challenging, especially in crosses between outbred strains. We have previously identified several QTL influencing tameness and aggression in a cross between two lines of wild-derived, outbred rats (Rattus norvegicus) selected for their behavior towards humans. Here, we use targeted sequence capture and massively parallel sequencing of all genes in the strongest QTL in the founder animals of the cross. We identify many novel sequence variants, several of which are potentially functionally relevant. The QTL contains several regions where either the tame or the aggressive founders contain no sequence variation, and two regions where alternative haplotypes are fixed between the founders. A re-analysis of the QTL signal showed that the causative site is likely to be fixed among the tame founder animals, but that several causative alleles may segregate among the aggressive founder animals. Using a formal test for the detection of positive selection, we find 10 putative positively selected regions, some of which are close to genes known to influence behavior. Together, these results show that the QTL is probably not caused by a single selected site, but may instead represent the joint effects of several sites that were targets of polygenic selection.
Introduction
Most quantitative traits are influenced by several genes, the environment and by interactions among genes, and among genes and the environment (Mackay et al., 2009 ). To find the corresponding genes, experimental crosses have been performed in a wide range of species. These studies identify quantitative trait loci (QTL) that span large regions of the genome, each of which explains a fraction of the phenotypic variance in the trait of interest. Subsequent gene identification is usually difficult, even in experimental crosses between inbred lines of organisms where the individuals have identical genomes (Flint et al., 2005) . Gene identification can be even more difficult in crosses between outbred lines of organisms that contain genetic variation.
We have earlier mapped several QTL influencing tameness and aggression in a cross between two lines of rats that differ drastically in their response to humans (Albert et al., 2009) . The 'tame' rats calmly tolerate human presence and handling, whereas the 'aggressive' rats ferociously attack or flee from an approaching human hand (Naumenko et al., 1989; Plyusnina and Oskina, 1997; Albert et al., 2008) . Several features distinguish this model system from other commonly used experimental rodent models. First, the two lines are derived from one wild population, caught in the Novosibirsk, Russia area in 1972. This ancestry makes it unclear whether sequence differences among laboratory strains of rats also segregate in these animals. Second, the rats are outbred, that is, they have been maintained without mating close relatives. Hence, they contain genetic variation within each of the lines, and share alleles between the lines. Consequently, any genetic marker has to be tested experimentally to ensure that alleles segregate in an informative manner (ideally, markers will be fixed for different alleles in the two lines). Further, the causative alleles underlying tameness and aggression may themselves segregate within one or both of the two lines of rats.
Third, the difference in tameness and aggression is the result of strong artificial positive selection. In each of 64 generations, B30% of animals were allowed to breed based on their behavioral response to humans. Behavioral change was initially rapid in both lines, leading to strong differences within 10-12 generations. The response to selection then slowed, and although selection for tameness and aggression is continued to the present, no change in mean behavior has occurred in either line in the last 10-20 generations. Positive selection affects patterns of polymorphism in several ways. The signature of selection created by the fixation of a new mutation is characterized by a deficit of variation around the target of selection, local excesses of rare alleles and of highfrequency-derived alleles, and linkage disequilibrium flanking (but not across) the site of fixation (Maynard Smith and Haigh, 1974; Tajima, 1989; Fay and Wu, 2000; Kim and Stephan, 2002; Stephan et al., 2006) . However, given the rapid phenotypic response to the selection regime in the rats, selection will likely have acted on variation that already existed in the wild population. Patterns of genetic variation expected after selection on such 'standing' variation can differ dramatically from those produced after selection on new mutations. Levels of variation may not be reduced much, and there may be a loss of rare alleles and an excess of intermediate frequency alleles owing to the hitchhiking of multiple genetic backgrounds. There will also be strong linkage disequilibrium across the target of selection (Hermisson and Pennings, 2005; Przeworski et al., 2005; Pennings and Hermisson, 2006) . In addition, if there are many sites influencing a trait, selection may result in polygenic adaptation, where many alleles undergo only small shifts in frequency, rather than going to fixation (Burke et al., 2010; Pritchard and Di Rienzo, 2010) .
If regions showing evidence of positive selection are present in the QTL regions, they would be excellent candidates for containing the causative alleles influencing tameness and aggression. However, the two lines of rats have been maintained at small population sizes (at most B40 breeding females and 40 breeding males) since their capture from the wild. This is expected to have reduced genetic diversity genome-wide, as well as to have increased the variance in diversity among genomic regions (see (Thornton et al., 2007) for a review). Consequently, any inference of past positive selection needs to be informed by the population history of the rats.
The outbred nature of the rat lines, combined with small effect sizes of the QTL for tameness and aggression (for example, here we study the strongest QTL in our earlier study, which explained 5% of phenotypic variance (Albert et al., 2009) ) complicate fine mapping of the QTL using established strategies, such as advanced intercrosses (Darvasi and Soller, 1995) or congenic strains (Markel et al., 1997) . We reasoned that a potential shortcut to nominating candidate genes underlying tameness and aggression could be to scan the respective QTL regions for signals of positive selection. In addition, we wanted to catalogue putative functional exonic variants in the QTL region, a strategy which has proved successful in identifying genes underlying Mendelian disease traits in humans and other species (Drogemuller et al., 2010; Ng et al., 2010) . Our targeted approach complements whole-genome shotgun sequencing of pooled DNA as recently used in domestic and wild chicken (Rubin et al., 2010) . The approach by Rubin et al. (2010) holds great promise, but may not always be optimal, for example, when interest is focused on one or a few genomic regions, or when analyses demand that genotypes be called for multiple individuals.
We sequenced all exons of 1475 genes across 103 Mb in the strongest QTL for tameness and aggression from our earlier study, using targeted sequence capture followed by massively parallel sequencing. Our goals were (1) to create a catalogue of potentially causative sequence variants, (2) to identify a customized set of sequence variants that can be used as genetic markers in further crossing experiments and (3) to scan the QTL region for patterns of positive selection.
Materials and methods

Animals
Rats (Rattus norvegicus) were obtained from a longrunning selection experiment in Novosibirsk, Russia (Naumenko et al., 1989; Plyusnina and Oskina, 1997) . Beginning from one wild-caught population, two lines of rats had been generated by selecting for the absence of aggressive behavior towards humans (the 'tame' line) or for increased aggression towards humans (the 'aggressive' line). There was no breeding between the lines, and no addition of wild animals after initiation of the lines. Matings between close relatives were avoided. Here, we study four tame and four aggressive rats (two males and two females from each line) from the sixty-fourth generation of selection. The eight rats were at most distant relatives. They are the founders of a large pedigree used previously in a QTL mapping of tameness and aggression (Albert et al., 2009) . Hence, any linkage signals that were obtained from that pedigree are due to alleles occurring among the eight rats studied here. The animals had been killed as part of a study approved by the regional government of Saxony (TVV Nr 29/05).
Microarray design
We designed two custom Agilent arrays to capture all exons in 1475 genes annotated in the Ensembl database within the tameness QTL on chromosome 1 ('Tame-1') identified in Albert et al. (2009) . Tame-1 was chosen for three reasons: (1) It was the most significant QTL in our previous study, explaining 5.1% of phenotypic variance for tameness and aggression, while the second QTL had an effect size of 2.3%; (2) It is collocated and probably identical with a highly significant QTL for adrenal gland weight (a potential endophenotype for tameness and aggression) and (3) It was least affected by epistatic interactions with other loci, indicating a relatively simple underlying molecular cause. We included 20 bp on either Table S1 for further details).
DNA capture and sequencing DNA was processed into Illumina single-end sequencing libraries (Illumina, San Diego, CA, USA) following standard procedures, and hybridized to capture arrays as described (Hodges et al., 2009) . Eluates were amplified using PCR and sequenced on Illumina GAII instruments (Illumina), with 36 and 76 bp runs. Supplementary Table  S2 summarizes the sequencing runs performed for this study. Raw data has been deposited in the Sequence Read Archive under accession ERP000389 (http://www. ebi.ac.uk/ena/data/view/ERP000389).
Sequence analyses
Bases were called using AltaCyclic (Erlich et al., 2008) for the 36 bp lanes and Ibis (Kircher et al., 2009) for the 76 bp lanes. We used BWA (Li and Durbin, 2009) to map reads to the rat reference genome (version rn4). Potential PCR duplicates were removed using a custom python script (Supplementary Methods). SAMtools ) was used to call consensus genotypes at all targeted bases and within 250 bp of flanking sequence, retaining bases with at least eightfold coverage, a minimum mean phred-scaled mapping quality of 20, a phred scaled consensus quality of at least 30 and at least 10 bp away from insertions/deletion (indels). A custom script was used to call indel genotypes (Supplementary Methods). Genome annotation and effects of sequence variants on transcripts were extracted from Ensembl build 57 (Hubbard et al., 2009) . Candidate genes affecting behavior were extracted from the Rat Genome Database (Twigger et al., 2007) by searching for genes with Gene Ontology annotations, including the terms 'aggression', 'anxiety' and 'fear'. Vomeronasal receptor genes were annotated based on Ensembl's 'gene description' annotation.
Flexible intercross analysis (FIA)
We used FIA (Rö nnegard et al., 2008) to assess whether the causal QTL alleles were fixed among founders of each line. Instead of assuming fixation of alternative alleles, FIA uses a variance component approach to model a correlation between the phenotypic effects of alleles coming from the founders of each line. All possible degrees of allelic differentiation, from complete fixation (high correlation between allelic affects within a line) to complete segregation (no correlation between allelic effects), can be analyzed. FIA was fitted to phenotypes and to identity-by-descent matrices between animals in the mapping pedigree generated previously (Albert et al., 2009 ). Following Rönnegard et al. (2008 , we tested whether the null hypothesis of fixation could be rejected in favor of the alternative hypothesis of allelic segregation within the founders. If segregation was more likely, the degree of segregation was estimated as described (Rönnegard et al., 2008).
Patterns of sequence variation
Only sites where all eight rats had high-quality consensus genotypes were used in these analyses. Allele frequency difference was calculated in a sliding window of 20 adjacent single-nucleotide variants (SNVs) and a step size of 5 SNVs. To calculate nucleotide diversity (p), we extracted consensus sequences for each rat and used the program 'compute' based on the libseq code library (Thornton, 2003) . For the sliding window analysis, p was calculated in windows of 20 kb of consensus sequence using a step size of 1 kb. Each window, therefore, spans a different genomic length, but always analyses the same number of bases. When calculating correlations between p and coverage, mean values from non-overlapping windows were used.
Demographic estimation
Demographic estimation was performed using the program dadi (Gutenkunst et al., 2009 Thus, using a diffusion approach, the expected allele frequency spectrum M is calculated under a particular demographic model. The similarity between M and the observed spectrum, S, is maximized over the values of y. Full code and documentation are available at: http://code.google.com/p/dadi/. To simulate individual demographic models, the program ms was used (Hudson, 2002) .
Testing the significance of regions of reduced nucleotide diversity The program MaCS (Chen et al., 2009 ) was used to perform coalescent simulations of the entire 103-Mb region. We simulated 1000 replicates of a model of the rats' demography, incorporating available knowledge on the history of the selection lines over the past 64 generations (Supplementary Methods), and using recombination rates estimated from the pedigree founded by the rats sequenced here (Albert et al., 2009) . In each run of the simulations, we sampled eight chromosomes from each of the two populations, extracted the exact base positions that were analyzed in the real sequence data, and calculated nucleotide diversity per line in sliding windows. In each set of replicates, we recorded the regions where the samples from one or both of the two lines had no nucleotide diversity, and compared the real data to this simulated neutral distribution.
Test for positive selection
We used the maximized composite likelihood surface test (Nielsen et al., 2005) , a multi-locus test for positive selection based on a modification of the CLR test (Kim and Stephan, 2002) . The approach uses the background site frequency spectrum obtained from the data to test for positive selection. A grid of locations was created over
Targeted sequencing of a tameness QTL FW Albert et al the QTL region, and for each grid location the maximum composite likelihood ratio of the hypothesis of a sweep was compared with the null hypothesis of no sweep. Coalescent simulations of the estimated bottleneck model were used to determine the significance of the test statistic. We implemented an approach to test models of positive selection on both new mutations as well as on standing variation. The respective patterns of polymorphism that are expected under these two selection scenarios were generated by simulating sweeps from 'new' (initial frequency o0.05), and from 'standing' (initial frequencies drawn from a distribution of frequencies between 0.05 and 0.50) variants. The parametric approach used is described by equation (6) of Nielsen et al. (2005) . The grid-size parameter was set at 10 4 . The program for calculating this statistic is available for download at: http://fisher.berkeley.edu/cteg/software. html. To calculate P-values, demographic simulations incorporating selection were performed using SFSCODE (Hernandez, 2008) . Note that these simulations were separate from those for the QTL region as a whole, as described in the preceding paragraph.
Results
Array capture performance Across the individual capture experiments, 33-60% (mean ¼ 45.4%) of mapped reads fell into the target regions (Supplementary Table S2 ), corresponding to an average 340-fold enrichment relative to random shotgun sequencing. In all rats, 499% of targets were hit by at least one read, and 497% of targeted bases were covered by 48 reads (Figure 1 ). After filtering for high consensus quality, genotype calls were available in all eight rats at 3 938 035 of targeted bases (96%). Mean ± s.d. base coverage ranged from 45±21 to 81±25 in target regions. The mean pairwise correlation of coverage of targeted bases was 0.78 (Po2e-16), indicating systematic preferences of the capture and/ or the Illumina sequencing technology towards certain sequence features, as noted in other studies (Harismendy et al., 2009; Ng et al., 2009) .
Out of the 6141 targets, one was never hit in any rat. This target contains no exons annotated in Ensembl, but the sequence is similar to two coding exons in a mouse vomeronasal receptor gene (Vmn2r65). We found no targets that were hit only in tame or only in aggressive founders.
Single-nucleotide variants
As sequence coverage typically extended for some distance beyond the actual targets, we included regions extending 250 bp on either side of each target when calling sequence variants. In 7 858 329 analyzed base pairs, we identified 12,586 biallelic SNVs segregating among the eight founder rats (Supplementary File S1). Of these, 10 434 (83%) were novel variants not previously annotated in the dbSNP database (build 130). At a further 1861 positions (1221; 66% novel), all eight rats had the same homozygous genotype, but differed from the genome. Although these sites did have significantly lower sequence coverage than the remaining sites (Wilcoxon rank test, P ¼ 0.003), they still had substantial coverage (median across rats ¼ 33 vs 47 for other sites), making it unlikely that many of them are artifacts due to missed heterozygotes. We excluded 20 tri-allelic SNVs from further analyses.
Although introns were not per se targeted by our arrays, sequence coverage was typically high enough directly adjacent to exons to call intronic variants close to the exon boundaries. The majority (79%) of the SNVs were situated in intergenic regions or introns (Table 1) . However, there were also 2643 SNVs within coding regions. Of these, 1168 (44%) were non-synonymous variants that alter the amino acid sequence of the protein product of their gene. This fraction of non-synonymous SNVs is slightly lower than that observed in humans (52-53%) (1000 Genomes Project Consortium, 2010 Li et al., 2010) . Another 13 coding SNVs in 12 genes were annotated as nonsense mutations, leading to premature termination of their proteins.
Considering only sites where all rats had consensus calls, 369 SNVs were 'fixed' for alternative alleles between the founder animals of the two lines (all four tame rats were homozygous for one allele, all four There was no fixed stop mutation.
Insertions/Deletions
We discovered 2450 indels, mostly in introns or intergenic sequence (2080, 85%, Table 1 ; Supplementary File S3 contains a full list). However, 103 indels were predicted to induce frameshifts in the coding sequence of genes. These frameshift indels generally fell into five categories. First, 12 indels fell into predicted genes with unknown function, making it unclear whether these are real genes. Second, 20 indels resided in vomeronasal or olfactory receptor genes, some of them predicted (see Supplementary Discussion of this group of genes). Third, 31 indels were observed only in single rats, making them unlikely candidates for causing tameness and aggression. Fourth, 26 coding indels affected genome bases that, according to the genome annotation in the UCSC browser, lead to frameshifts of the conserved protein sequence. The indels found in the rats were either deletions of the offending genome bases or insertions next to them, in either case restoring the evolutionarily conserved reading frame. These indels were usually homozygous in all eight rats. Where they were not observed in a given rat, consensus quality was too low to have confidence in their absence. We suggest that this fourth class of 'indels' in fact reflect errors in the rat reference genome. Of the remaining 14 frameshift indels, 7 occurred in both the tame and the aggressive rats, making them unlikely candidates for causing tameness. The remaining seven occurred in six genes (one each in Sars2, Atp4a, Commd9, RGD1561206 and Otud7; two in Mphosph10), and may be candidates for causing tameness. We caution that some of the frameshift indels (and some of the stop mutations described above) may in fact be annotation artifacts.
Segregation analysis of QTL alleles
Many of the detected variants were not fixed between the founder animals, raising the question whether the causative alleles themselves are fixed. To test this, we used FIA (Rö nnegard et al., 2008) to test whether, at the position of the QTL peak, fixation or segregation of causative alleles among the founder animals is more likely. We performed this test for tameness and for the weight of the adrenal glands, a trait influenced by a major QTL coincident with the tameness QTL (Albert et al., 2009) . For adrenal gland weight, fixation of alternative alleles could not be rejected (likelihood ratio test with 1 d.f.: LR ¼ 0.3, P ¼ 0.4). For tameness, however, segregation of alleles among founders was more likely than fixation (LR ¼ 3.46, P ¼ 0.0085). Line-specific estimates of correlation of allele effects indicated that there was segregation only among the aggressive founders (estimated r aggressive o0.001), while the tame founders were likely to be fixed for one allele (estimated r tame ¼ 1).
Patterns of genetic variation and rat population history
Nucleotide diversity (p) was calculated using the B4.6 Mb of sequence, where data was available from all eight rats (Table 2 ). Overall, p was 0.00056 in the tame and 0.00052 in the aggressive rats. The level of genetic diversity in wild rats in the Novosibirsk area is not known, precluding an estimate of how much diversity was reduced in the two lines during the course of selection. However, using the likelihood based approach dadi (Gutenkunst et al., 2009), we estimated a very severe reduction in effective population size (to 0.00082 of the ancestral population size; 95% confidence interval: 0.0001-0.0017), in the very recent past (0.00008 4N generations in the past; 95% confidence interval: 0.00005-0.00014). These results are strikingly consistent with the known population history. Given that the population size at which the lines were kept after capture from the wild is known (Supplementary Methods), this result implies a wild effective population size of roughly N e ¼ 70 000.
Search for positive selection
We searched for regions that may have experienced positive selection by two approaches, both of which explicitly take into account the population history of the rats. First, we asked whether regions existed in the QTL where the founders are fixed for alternative haplotypes (Supplementary Figure S1 ). There were three such regions: a short stretch at B62 Mb and two wider regions that were separated only by two neighboring SNVs segregating within the tame founders (at 118 669 118 and 118 669 144 bp). When considered together, these two regions extended for B2.6 Mb (116 710 725-119 277 527 bp; Figure 2a ). Next, we searched for regions where the tame or the aggressive founders had no genetic variation (Supplementary Figure S1 ). There was a significant correlation (r ¼ 0.38, P ¼ 1.6e-9) between p in the tame and the aggressive founders along the chromosome, probably due to the shared ancestry of the tame and the aggressive rats from the same wild population. Coverage was positively correlated with p in the aggressive founders (r ¼ 0.3, P ¼ 2.5e-6), but negatively correlated in the tame founders (r ¼ À0.2, P ¼ 0.004). The correlation in p between tame and aggressive founders was not an artifact of joint variation in coverage (correlation after correcting for coverage effects on p: r ¼ 0.37, P ¼ 8.5e-9). There were several regions where the founders from one but not the other line had no Figure 2b ). These line-specific dips in diversity ranged in size from 74 kb to more than 5 Mb (Supplementary Table S3 ). The dips were not an artifact of low coverage in those regions (Supplementary Figure S2 ). To gauge whether the regions of reduced diversity and of alternative fixed haplotypes could be explained by population history alone, we performed 1000 simulations of the whole QTL region without any selection (Figure 3a ). Although regions with no nucleotide diversity did appear in the simulations, both the number (P ¼ 0.002) and the total width of such dips (P ¼ 0.046) in the aggressive founders were significantly larger than those in the simulations. In the tame founders, the Targeted sequencing of a tameness QTL FW Albert et al number of dips was significantly larger than expected (Po0.001), while the width of the dips was not unusual (P ¼ 0.18). The regions of alternative fixed haplotypes were also not unusual compared with the simulations, both with respect to their number (P ¼ 0.07) and total width (P ¼ 0.08). When examining individual dips, we found that none exceeded significance (Figure 3b) . Similarly, the regions with alternative fixed haplotypes were not unusual compared with the simulations (Figure 3c) .
As a second approach to search for positive selection, we implemented a maximum likelihood approach (Nielsen et al., 2005) . We used this framework to identify regions that are consistent with selection on new mutations and regions that are consistent with selection on standing variation (see Methods). We identified a number of significant outlier regions (Figure 3d and Table 3 ): under a model of selection on new mutations, five regions were significant after both multiple-test (Bonferroni correction) and demographic correction; under a model of selection on standing variation, another five regions were significant.
Candidate genes for affecting tameness and aggression In RGD, there were four genes with annotations for aggression (Tryptophan hydroxylase 1, Tph1; (Haavik et al., 2008) ), fear (g-aminobutyric acid receptor subunit alpha 5, Gabra5; (Otani et al., 2005) ) or anxiety (Protein kinase C-gamma, Prkcc; (Bowers et al., 2000) and plasminogen activator urokinase receptor; Plaur (Powell et al., 2003) ). Two of these four genes are situated close to regions inferred to have experienced positive selection: Tph1 at 97.7 Mb and Gabra5 at 108.8 Mb. The regions around Tph1 and Gabra5 contained 18 and 12 SNVs, respectively, as well as two and one intronic or intergenic indels. Neither gene contained a non-synonymous variant.
Finally, the QTL contained a high number of sequence variants in vomeronasal receptor genes. For example, these genes accounted for 20 of 103 coding frameshifting indels, and for 25 of 43 fixed non-synonymous SNVs.
Discussion
In this study, we used microarray-based DNA capture and high-throughput sequencing to generate an exhaustive catalogue of exonic sequence variation in a QTL region for tameness and aggression that was previously identified in a cross between two outbred, wild-derived strains of rats. This catalogue will be useful in several ways. The sequence variants with fixed or nearly fixed alternative alleles in the founder animals will serve as genetic markers in future fine-mapping studies. Many of these variants are novel, and could, hence, not have been obtained from existing databases. Further, we identified many potentially functional sequence variants. Thus, as fine-mapping progresses, we will know which genes contain interesting variants. It is important to emphasize that, as we have only sequenced the founder animals of our earlier cross, variants that are fixed between these animals may not be fixed in the tame and aggressive selection lines as a whole. However, as the QTL signal can be caused only by variation that exists in these founders, our catalogue is essentially complete at the targeted sites, with regards to the QTL under study.
It is worth noting that 17% of the variants found in this study were previously seen in rat laboratory strains, in spite of the fact that laboratory strains are not yet fully sequenced in the genomic regions we studied here. Hence, although the Novosibirsk rats and common laboratory strains were derived many decades apart and at different geographic locations, they have sampled a shared set of polymorphisms from the wild rat population. Shared polymorphism between the tame and the aggressive rats and laboratory strains opens the possibility that the causative alleles influencing tameness and aggression might also segregate among laboratory populations. Thus, a promising approach to fine mapping could be to test for association for tameness and aggression in laboratory strains or other wild-derived populations of rats.
The causative allele(s) underlying the QTL must be present among the founder animals of the mapping pedigree. If a causative allele resides in coding exons, untranslated regions or intergenic regions upstream of genes, it is likely to have been captured by our approach. Direct identification of the causative site(s) is difficult, but we can, nevertheless, prioritize the identified variants by several means, including segregation pattern and location close to putative positively selected regions.
An intuitive expectation is that the causative locus should be fixed for alternative alleles in the tame and the aggressive founder animals. A fraction of the variants do indeed show such a segregation pattern. However, a reanalysis of the mapping data generated in our previous study (Albert et al., 2009) , suggested that although the causative allele is likely fixed in the tame founders, there may be segregation of two or more alleles in the aggressive founders. Including sites with such a segregation pattern adds substantially to the list of variants that are candidates for underlying the QTL. In particular, this pattern is consistent with regions of the QTL where the tame founders are fixed for the same allele and where the aggressive founders segregate, but is inconsistent with regions that show the opposite pattern. Further, the fact that the causative QTL allele may not be fixed among the aggressive founders illustrates that tameness and aggression, although semantic opposites, may not necessarily be direct physiological opposites. It may be the case that the QTL studied here was caused by a site that was selected and driven to fixation in the tame, but not in the aggressive rats. After demographic and multiple test corrections.
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Both the tame and the aggressive rats have experienced strong positive selection, while being maintained as outbred populations. We found that the rats retain some of the genetic variation that existed in the wild, allowing a scan of the QTL region for patterns indicative of positive selection. Given that there was an immediate and strong response to selection, a model of selection acting on variation that was already segregating in the wild is intuitively appealing. We began by estimating the reduction in population size, in order to understand the expected background patterns of variation. Consistent with historical breeding records, we estimate a reduction that was both extremely strong and extremely recent.
We used this estimated demographic model to assess whether demographic forces alone, without the action of positive selection, could explain the regions with no observed nucleotide diversity. We found that despite their sometimes considerable size of up to several Mb, no individual region was significantly different from the patterns observed in simulations without any selection. Hence, although the high number of regions with no observed nucleotide diversity indicates that positive selection may have caused at least some of these regions, we cannot with confidence single out individual regions as more likely candidates than others. We note that the software used to estimate the demographic model can only fit a neutral model without selection. Consequently, if there is strong selection and a strong population size reduction in the data, the procedure will probably fit a stronger reduction to account for the effects of both processes. As the simulations are, thus, likely to be conservative with regards to selection, the fact that no individual region was significant might be a by-product of this effect.
Using more formal tests for positive selection that incorporate the site frequency spectrum, we identified five regions under a model of selection on new mutations and another five regions under a model of selection on standing variation. Note that the regions corresponding to 'new' mutations are equally consistent with selection on previously existing mutations at low frequency (Przeworski et al., 2005) . The fact that there are several regions with evidence of positive selection in both lines of rats raises the question whether all these signals correspond to selection for tameness and aggression. For example, some of the selected sites may represent adaptations of both lines of rats to their common novel laboratory environment. If all selection signals are, indeed, due to selection for tameness and aggression, the QTL may be a composite signal caused by multiple linked sites, each probably with effects smaller than the 5.1% for the QTL as a whole. Tameness and aggression may consequently be an example of traits that can be rapidly altered by polygenic adaptation, as has recently been demonstrated in an artificial selection experiment for accelerated development in Drosophila (Burke et al., 2010) . A full understanding of how positive selection has acted in these rats will require the study of additional regions of the genome.
Intriguingly, two of the ten selected regions are close to a priori candidate genes. Tph1 is one of two genes encoding the protein tryptophan hydroxylase (TPH), which plays an important role in the production of the brain neurotransmitter serotonin. Serotonin has been linked to several behaviors, including aggression (Cases et al., 1995) . Further, tame rats have lower levels of serotonin in their brains than the aggressive rats (Albert et al., 2008) . However, Tph1 encodes for a version of TPH that is expressed in the gut, pineal gland, spleen and thymus, rather than in the raphe nuclei, which provide serotonin to the rest of the brain (Walther and Bader, 2003) . Serotonin serves several physiological functions in addition to being a neurotransmitter (Walther and Bader, 2003) , raising interesting questions about how Tph1 may potentially influence tameness and aggression. Gabra5 encodes a subunit of the A-type receptor for g-aminobutyric acid, which is an abundant inhibitory neurotransmitter in the brain, influencing many aspects of behavior (Kandel et al., 2000) . Tame rats have lower levels of gaminobutyric acid in their brains than the aggressive rats (Albert et al., 2008) . Given g-aminobutyric acid's widereaching effects, allelic variation at a component of one of its receptors may well affect tameness and aggression. As neither Tph1 nor Gabra5 had amino acid differences between the tame and the aggressive rats, the causal sequence variant(s) may influence the level of expression of these genes in adult rats or during development. We caution that several other genes, in addition to Tph1 and Gabra5, are located in the vicinity of the selection signals. Hence, it is presently not possible to tell whether selection has, in fact, targeted Tph1 and/ or Gabra5. Functional studies will be needed to clarify whether variation at these two genes, in fact, causes tameness and aggression.
Many sequence variants in the QTL region affect vomeronasal receptor genes (see also Supplementary Text 1). Copy number variation in chemosensory receptor genes among humans has been argued to be evolutionarily neutral (Nozawa et al., 2007) , raising the possibility that the sequence variants in vomeronasal receptor genes identified here may not be functionally important. However, given the strong influence of the pheromone system on rodent behavior, including aggression (Dulac and Torello, 2003) , a tantalizing alternative is that one or several of these variants may influence tameness and aggression.
In summary, we have used array-based DNA capture and high-throughput sequencing to obtain a detailed view of sequence variation in a QTL region for tameness and aggression in rats that had been artificially selected for these behaviors. The sequence content of this QTL is complex, with many individual sequence variants, considerable variation in segregation patterns along the region and several putative targets of positive selection, some of which are close to genes that are promising candidates for underlying the QTL. Functional tests of these genes, as well as further genetic fine-mapping studies, will ultimately unravel which genes cause tameness and aggression in these unique lines of animals. Finally, the fact that there are several signals of selection inside the QTL region changes our view of the genetic basis of tameness and aggression. Rather than being caused by a single causative site, this QTL may be the result of several linked causative sites. Thus, selection for tameness and aggression in these rats may have acted through polygenic selection affecting many sites, rather than through a few selective sweeps with large phenotypic effects.
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